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PREFACE TO SECOND EDITION. 


The subject matter of this book has formed part of various 
courses of lectures on Alloys delivered in the Engineering 
Department of the University of Edinburgh, and in the 
Heriot - Watt College, Edinburgh, during several Winter 
Sessions, and .it represents an attempt to present the Theory 
of Alloys on' a systematic basis. The method of classifica- 
tion adopted appears to have been used first in a paper by 
Roberts- Austen and Stansfield — to which reference is made 
within — but it was left very incomplete by them. The 
author has tried to fill in the gaps, with some assistance 
from the work of Roozeboom, Tammann, Bancroft, and 
others. References are given for the experimental results 
quoted, but it is impossible to say how much one is indebted 
to the early papers of such pioneers as Osmond, Le Chatelier, 
Roberts-Austen, Heycock and Neville, Arnold, and Stead. 

The book, obviously, is not intended as a guide to the 
practical manufacture of alloys, except in so far as a 
knowledge of the equilibrium conditions, and the unstable, 
conditions of mixtures is of assistance in regulating their 
composition and heat treatment. It is addressed mainly to 
engineers and to students of engineering who desire some 
knowledge of the minute structure of metals and alloys, and 
of the manner in which the structure develops and changes. 

Nearly all of the examples chosen to illustrate the prin- 
ciples laid down are of considerable practical importance. 
Most of the diagrams have been drawn specially, and in 
those obtained from experimental data the observed points 
have been plotted, so that the experienced reader may be 
independent of the personal opinions of the author. The 
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greater number of the micrographs have been prepared for 
this volume; some have been obtained in the course of 
various investigations, but are unpublished elsewhere. 

Some of the figures have been borrowed, and for these 
the following grateful acknowledgments are made : — 

To Messrs. R. & J. Beck, Ltd., for the use of blocks for 
Figs. 3, 4. and 5. 

To the Council of the Institution of Mechanical Engineers 
for permission to reproduce Figs. 14, 47, 67, 76, 155, and 175. 

To the Council of the Iron and Steel Institute for Figs. 
148, 161, 166, 172, 233, 259, and 260. 

To the Council of the Royal Society of London, and to 
Messrs. Heycock and Neville for Figs. 117 to 119, 156 to 160, 
163, and 181 to 193. 

To the Council of the Pvoyal Society of London, and to 
Messrs, Rosenhain and Tucker for Figs. 140 and 141. 

To the Societe d’Encouragement des Arts et Manufactures, 
Paris, for Fig. 274. 

To the Journal of Physical Chemistry, New York, for 
Fig. 275. 

To the Zeitschrift fur Anorcjanische Chemie, Gottingen, 
for Figs. 51, 52, 54, 69 to 72, 79 to 82; 123, and 1 24. 

To the Med ue deMetallurgie, Paris, for Fig. 146. 

To Metcdlurgie, Aachen, for Figs. 2S6 to 291. 

To Messrs. Dunod et Pinat, Paris, and to Dr. Guillet for 
Figs. 245 to 247, and 251, 

G. H. G. 

Edinburgh, January, 1913. 


PUBLISHERS’ NOTE TO THIRD EDITION. 

The practical value of this book during the years of war 
is demonstrated by the exhaustion of the Edition, and con- 
tinued demand for copies. The Author has had no time for 
revision, and this reprint is of immediate necessity. 


December, 191S. 
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CHAPTER I. 

METHODS OF INVESTIGATION. 

Introduction — Preparation of Specimens for Microscopic Examinatic 
Microscope — Pyrometer — Furnaces — Preparation of Alloys. 

1. Introduction. — The art of mixing metals has been practised 
some hundreds, or, perhaps, thousands of years, but it is o 
during the last quarter of a century that these metallic mixti 
or alloys have been examined in a systematic manner. The rea 
for this is partly that the study of mixtures of substances has b 
established on a satisfactory basis only recently, and partly beca 
the alloys of greatest industrial importance are those of greai 
complexity, and offer most difficulties to investigation. The all 
of copper with tin and with zinc — the bronzes and the brasse 
form long series of metals of varying constitution and proper! 
the study of which is far from complete. The alloys of iron v 
other metals, and with carbon, of more commercial imports 
than the copper alloys, form series of even greater complexity 
which, although a very large amount of work has been devotee 
their investigation, our knowledge is in a still less satisfactory st 
- Many methods of studying metallic alloys, by means of t' 
various physical and chemical properties, have been practi 
from time to time, but the most fruitful results have fc 
obtained by considering alloys as solutions of metals in each ot 
The more useful instruments for examining these metallic solut: 
are the thermometer or pyrometer, and the microscope. By me 
of the pyrometer the melting, freezing, and other critical temp 
tures of an alloy are determined, and the microscope reveals 
minute structure of the metal. _ The two instruments used 
conjunction give valuable information as to the changes of struc 
and constitution which accompany changes in the temperat 
and in the composition of the metallic mixture. 

The use of the microscope as a means of studying metals 
initiated about forty-five years ago, by Dr. Sorby, of Sheffield 111 , 
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the same idea occurred almost simultaneously to others, notably 
Prof. Martens of Berlin,® and M. Osmond of Paris.® The work 
of these three pioneers was very carefully carried out, and the 
results of their investigations of the microscopic structure of iron 
and steel remain as valuable to-day as when made, but they revealed 
only a few isolated facts in a complicated subject, and it was long 
before any attempt to reduce them to some sort of order was success- 
ful. It would be interesting to follow the gradual evolution of ideas 
on the nature of alloys, but it is more profitable to consider the 
present position of our knowledge. The Reports of the Alloys 
Research Committee of the Institution of Mechanical Engineers, (4) 
and the various discussions thereon, may be recommended as giving 
an excellent short history of the subject. 

2. Preparation of Specimens for Microscopic Examination.-— Tc 
prepare a sample of metal for microscopic examination is not usually 
a difficult matter. It is quite impracticable to grind a specimen 
so thin as to be capable of transmitting light, so that the structure 
of the piece must be examined by means of light reflected from its 
surface ; for this purpose the surface requires to be highly polished. 
If the metal is one of medium hardness — for instance, grey cast 
iron, wrought iron, mild steel, or brass — a small piece may be cut 
off with a hack-saw, and filed flat on one face. If the metal is too 
hard to saw or to file — for instance, hardened steel or white cast 
iron a piece must be broken off with a hammer or chisel, and 
ground to a flat face by means of an emery wheel. When the metal 
is very soft — for instance, lead, tin, and their alloys — a file clogs 
unless well chalked or oiled ; a nearly flat surface may be obtained 
by employing a sharp paring tool, such as an ordinary wood chisel 
or plane. 


For ordinary purposes the specimens should be about § inch square 
and | inch thick ; if the surface is much larger than § inch square, 
the polishing process becomes tedious, and, if the pieces are much 
smaller than the given dimensions, they are inconvenient to hold 
when polishing by hand. The two opposite faces of the specimen 
should be made approximately parallel, but time may be saved by 
meta * rou -gli except on the face to be examined, 
and, if necessary, the piece may be left as large as the microscope 
will allow. A specimen cut from a thin sheet requires to be 
cemented to a thicker supporting block, or fixed edgewise in a 
slot sawn m the block, and a thin wire should be inserted tightly 
into a hole drilled in a larger piece in order to be polished In 
mapy cases it is advisable to cut three mutually perpendicular 
sections from the piece to be examined 
After a flat surface has been obtained on the specimen this 
surface must be -ground by gently rubbing the metal upon sheets 
of emery paper stretched, over hard wood or plate glass j the finest 
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French emery paper, as used by watchmakers, is the most suitable 
materia] which can be obtained commercially. The specimen is 
rubbed first on a sheet of No. 1 grade, then on No. 0, and then on 
No. 00 ; the papers finer than No. 00 grade often contain gritty 
particles, and are unsatisfactory unless of the best make. The 
metal is rubbed on the first paper so that the scratches caused by 
the emery grains cross, more or less nearly at right angles, the 
marks left by the file; the rubbing is continued until the file 
marks have been obliterated. The second paper is then used, 
the direction of rubbing being approximately at right angles to 
that for the first paper, and the work is continued until the scratches 
left by the first paper have been removed by the second, and so 
on. -Care must be taken during grinding to press upon the specimen 
as lightly as possible, since the process causes an alteration in the 
surface layer of metal, and the thickness of this altered layer is 
increased by using heavy pressure ; the alteration is due jointly to 
the tearing and dragging action of the emery grains, and to the 
heating of the surface layer. With soft metals it is necessary that 
the pressure be extremely light, and the emery paper should be 
lubricated with some thin oil. 

When the grinding process has been completed the specimen 
must be polished. This is done generally upon stout cloth stretched 
over a piece of hard wood, the wood having been previously soaked 
in hot paraffin wax. The cloth is covered with the finest rouge, 
or with the “ diamantine 35 powder used by jewellers, and is kept 
moistened with water. It is at first advisable ter continue the 
polishing until all emery scratches have disappeared, but after some 
experience in microscopic examination has been gained a less perfect 
polish will be found sufficient for many purposes ; in fact, if the 
subsequent etching is performed judiciously, the final polishing 
process is often unnecessary. To obtain the best results, especially 
for high magnifications, and for any new investigations, the utmost 
care should be taken in polishing the metal, and only the finest 
polishing powders should be used. 

There are a number of small machines on the market which 
lessen the labour of the grinding and polishing processes. Each 
consists essentially of a disc which can be rotated by hand or by 
foot, or, in the case of the larger machines, by power. A small 
block of wood is attached to the disc, and to this a piece of emery 
paper or of cloth is fixed. The specimen is pressed lightly by the 
fingers against the polishing block while it rotates. In some machines 
an arrangement is provided for holding the pieces which are being 
polished.® _ 

After the specimen is polished it has generally to be submitted, 
to a further treatment, in order that its structure may be distin- 
guished more clearly. The usual method is to etch the metal by 


4 


METALLIC ALLOYS. 


simple immersion in a dilute solution o i an acid, or other chemical 
reagent. The different constituents of an alloy, and even the different 
crystals of a pure metal, are attacked unequally by the etching 
agent, and the structure of the material is thus partly revealed. 
The number of these etching agents which may be employed is largo, 
and the best to use in any given case depends upon the nature of 
the metal; the chief requirements are that the fluid used shall 
act selectively, so as to differentiate distinctly the several constit- 
uents of the metallic mixture, and that it shall act with moderate 
rapidity. Hydrochloric, nitric, and picric acids, in dilute aqueous 
or alcoholic solution, ammonia and caustic potash, _ and tincture 
of iodine are among those commonly preferred. The time of etching 
for any particular specimen depends upon the dilution of the reagent, 
and can be determined only by trial. The metal, after a short 
attack, should be examined under the microscope, and, as soon 
as a clearly-defined structure is perceived, the process should be 
stopped. Sometimes, after the lightly-etched metal has been 
examined carefully, further information is obtained by subjecting 
it to a more vigorous attack ; in certain cases deep etching is 
necessary. The intensity of the action required is governed also 
by the degree of polish imparted to the metal before etching; a 
;"rd surface requires a more prolonged attack than one 

/ '■'-■I- 

In some alloys there is considerable difference between the hard- 
ness of the constituents. Simple polishing leaves the harder material 
standing in relief above the softer parts, and a structure becomes 
visible without any chemical treatment. A somewhat similar effect 
is obtained, even when there is little difference between the hardness 
of the constituents, if the polishing block is moistened with the 
etching fluid. Pieces polished in relief, though convenient for low- 
power examination, are, for obvious reasons, unsuitable where high 
magnifications are required ; in metals of coarse structure they 
often form magnificent naked-eye specimens. 

With very soft metals, for which polishing is difficult and causes 
a considerable alteration in the surface structure, a process of 
alternate polishing and etching gives good results.'® The specimen 
is polished first with as little pressure as possible, then etched by 
the reagent chosen, then again lightly polished, then re-etched, 
and so on. The altered surface layer, due to the original polishing, 
is gradually removed by the chemical attack, while the succeeding 
light polishing prevents the rough surface which would be the result 
of a too vigorous, or too long-continued corrosion; with care, the 
altered layer becomes so thin as to be removed by the final light 
etching, and a structure appears which is truly characteristic of 
the mass of the metal. 

Another method of differentiating between the various con* 
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stituents, which is useful with metals of high melting points — for 
instance, alloys of iron and alloys of copper — is to heat the specimen 
until colouration, due to oxidation of the surface, occurs. Examina- 
tion shows that some constituents oxidise more rapidly than others, 
and, if the process is stopped at a certain stage, the different 
constituents appear of different colours. (7) 

After the specimen has been etched or oxidised sufficiently, a 
point which can be determined only by experience, it must be 
carefully washed. If an acid has been used, the metal should be 
immersed first in lime-water or dilute ammonia, then held under 
the tap for a few moments, and dried rapidly ; or it may be washed 
finally with alcohol. If iodine has been used for etching, the specimen 
should be immersed in alcohol, and left there for an hour or two. 
These precautions are especially necessary with iron and steel, 
which otherwise would rust very rapidly, but they are important 



Fig. 1. —Device for mounting specimens. 


also with other metals in order to prevent future discolouration 
of the specimens. 

When the piece has been washed thoroughly, it should be mounted 
temporarily on a glass slide by means of some soft modelling clay 
or wax, and a levelling stage. The levelling stage, shown in Fig. 1, 
consists of a circular ring, faced on its upper surface, A, and screwed 
internally at the part B to fit the foot, of which the upper end, C, 
is also faced. The ring can be screwed up or down on the foot, 
so that the distance between the parallel faces, A and C, may be 
adjusted to suit the thickness of the specimen. To use the levelling 
stage, the piece of metal, D, is arranged with its prepared face 
downwards on C, and the glass slide E, on which some clay, shown 
shaded, has been placed, is laid upon A. The ring is then adjusted 
until the specimen is partly embedded in therciay, when a light 
pressure on the glass slide brings this into contact- with A, and 
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parallel with the face of the specimen ; by this means it is ensured 
that the surface to be examined is perpendicular to the optic axis 
of the microscope. 

If the pre limin ary microscopic examination shows the preparation 
to be satisfactory, it should be mounted permanently by means 
of sealing wax, or Canada balsam ; but when heating is not permis- 
sible, a solution of Canada balsam in benzole may be employed 
for this purpose. If it is desired to preserve the specimen for some 
time, the polished surface must be protected. The use of a cover 
glass attached with Canada balsam, universal for biological prepar- 
ations, is rather objectionable; a better method is to varnish the 
surface of the metal with a solution of paraffin wax in benzole, as 
the wax can be removed easily at any time by wiping with a soft 
rag dipped in benzole, and is an excellent protective against rust 
and discolouration. 

3. Microscope. — The microscope employed for the examination 

of metals differs little from the usual 
English or Continental patterns, and 
need not be described minutely. A 
very useful improvement is effected 
by prolonging the limb of the instru- 
ment and providing the stage with a 
rack and pinion motion, so that coarse 
focussing may be performed without 
moving the microscope tube. This 
allows the specimen to be brought 
into the field of vision without dis- 
turbing the illuminating arrangements, 
and also permits of the examination of 
pieces of considerable size, frequently 
Fig. 2. — Oblique illumination, a great convenience. A complete 

mechanical stage with two traversing 

motions at right angles, and p rotating motion with centring , 

screws is desirable, but not absolutely necessary. The objectives 

used need not be many, a 1 i-inch and a £-inch being sufficient 

for ordinary purposes if the long draw-tube is employed ; but a 

more complete set, including a high-power oil-immersion lens, is 

required for important work. The objectives should be corrected 

for the increase in length of tube caused by introducing a vertical 

illuminator, but they need no correction collar for thickness of 

cover glass, since the use of cover glasses for metal specimens is i 

unnecessary and undesirable. Three eyc-pieees are sufficient, 

and only one is absolutely necessary. An eye-piece micrometer 

and a stage micrometer are useful adjuncts to the microscope if 

measurements are to be made, and also for determining the scale | s 

of magnification with accuracy. ||| 
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The method of illuminating the specimen is important,- ar 
differs entirely from that used for transparent preparations. B 
low-power work a ray of light is directed obliquely upon tl 
metallic surface by means of a condenser. The brighter parts < 
the surface which have been attacked very little, or not at al 
by the etching fluid, reflect the light away from the tube (Fig. 2 
and so appear dark to the observer. The parts which are corrodei 
on account of their rough surface, cause scattering of the ligl 
to take place, with the result that some of the scattered raj; 
pass up the microscope tube, and these parts of the specime 
appear relatively bright. 

For high-power work the distance between the objective an 
the specimen becomes too small to allow of oblique illuminatior 
and an appliance is used which will direct the light vertically upo: 
tlie face of the metal, the light being reflected, again vertically, fror 
tlie polished surface up the microscope tube. This attachment 
called a vertical illuminator, is made in several forms, and consist 
essentially of a small cell which contains either a right-angled glas 
prism (Fig. 3), or a thin circular cover glass (Fig. 4). The body o 



Fig. 3. — prism illuminator. Fig. 4. — Beck’s vertical illuminator. 

tlie cell, A, is pierced transversely by an aperture, B, and can be 
rotated completely about the end, C, which screws into the micro- 
scope tube; the objective is screwed into the lower end of tin 
vertical illuminator. A beam of light from the condenser is directed 
to the side aperture, B, and by turning the prism or the plate, D. 
about its axis, which is at right angles to both the axis of the aperture 
and the optic axis of the microscope, the illuminating ray may be 
reflected down from D upon the face of tlie specimen; the light is 
again reflected from the specimen up the microscope tube to the 
eye-piece. An iris diaphragm is provided at the lower end of the 
apparatus. With this method of illumination the unattacked parts 
of the specimen appear bright, since they reflect almost the whole 
of the incident light, whereas the etched parts appear relatively 
dark, on account of the scattering due to the roughened surface ; 
thus the appearance of the metal under oblique illumination is oftei: 
reversed with vertical illumination. 


8 METALLIC ALLOYS. 

Mr. W. Rosenhain has devised, for metallurgical work, a special 
microscope which difiers considerably from the ordinary pattern, 
and is shown in Fig. 5. The microscope tube, A, or optical portion 




Fig. 5. — Rosenhain’s metallurgical microscope. 

of the instrument, is rigidly attached to the limb, B, which is of 
girder section and can be rotated from a vertical position, Fig. 5 
(a), to a horizontal position, Fig; 5 (6), about a pin, C, in 'the base. 



